
HAL Id: inria-00073634
https://hal.inria.fr/inria-00073634

Submitted on 24 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

On Polling Systems where Servers wait for Customers
Larissa G. Afanassieva, Franck Delcoigne, Guy Fayolle

To cite this version:
Larissa G. Afanassieva, Franck Delcoigne, Guy Fayolle. On Polling Systems where Servers wait for
Customers. [Research Report] RR-3058, INRIA. 1996. �inria-00073634�

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by INRIA a CCSD electronic archive server

https://core.ac.uk/display/50451177?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.inria.fr/inria-00073634
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

ap por t  


de  r ech er ch e 


INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

On Polling Systems where Servers wait for
Customers

Larissa G. Afanassieva , Franck Delcoigne , Guy Fayolle

N˚ 3058

December 1996

THÈME 1





��� ��������	���
 ��
�������� ����������� ������ ����!�"�"#$	%��&'�(�
)+*,�-�.�/� ���!�

0214365876761:9<;!=�>?14@�1A7B7658CED41GFIHKJ-3L1A@NMPO�Q�CSRTMSUV58WV@NCYXIHK9�Z.[\J�1][^UVRTR8C,X
_a`cbd%e(d�f�g h�id%jkdIlPmSn�dpo2jkqSjko bd%e(d%jrNsktPu dpo�vxw�y-z�{

h2lP|}| t's o�~}d s d%� ` d s � ` d��$�'�'���P��g ��d%�%dpe$��d s f��'�'��g ��f�|�lL�'d%j
���.�p�I�6�}�P��� � �Go `�� j(|�lP|�d sp� lY|�l s o � �%m]� l s | t �¡� � �}�YjkqSjko?d%e£¢ � o `:¤ ¥ m}dpm}d%j¦lP�}~§ j?d sk¨ d s j � j�lP��lL�©qSª%d%~A«­¬ ` dp�}d ¨ d s l�j?d sk¨ d s�¨S� j � o®j�lP�,dpe(|]o¯q ¥ m}dpm}d �c� o�¢al � o?j�° t's
o ` d��}d±nSo²�%m}j³o t e(d s o t � t e(d­o t o `�� j ¥ m}d%m}dL«az´�%m}j³o t e(d s � `}tSt j?dpj `]� j2~}d%j³o � ��lLo �¡t �
lP�%� t's ~ � �}�Yo t l s?t m�o � �}�µe�lLo sk� n·¶(« _a` d�e t ~}d±� t'sk� � � ��lLo®dpj¸° s?t e¹j?|�d%� �©º ��| s?t ��»
� dpe�j²l s³� j � �}� � ��o s lP�}j?| t's o¼lLo � t ���}d±o¯¢ t'sk½ j%«¾z¿�P� t ��lL�^�p� lPjkj �©º �IlLo � t � t °.o ` d�| s?t �%dpj?j
~}d%jk� sk� � � �}�Yo ` d�j³q�j³o®dpe � j¸� �©¨ dp�Àm]�}~}d s �Pd%�}d s lL��lLj?j?m]e�|�o �¡t �}j%« � o � j¸j `]t ¢��Go ` lLo
o `]� j¸| s?t �%dpj?j¸�%lP� t �]�©q<��d�Á8ÂkÃPÄ]Å±ÆTÇ±Ä�Á t's Ä�ÈSÉÊÉKÂ®Ç¼Ë±È�ÂÌÂ®Ç±Ä�ÁÍ« � �·lP~}~ � o � t � � l�~]dpo¼l � �¡d%~
�p� lPj?j �¡º �%lLo �¡t � t °VdIlL� ` � t ~}d � o t �'dpo ` d s ¢ � o ` � � e � oÎ� lI¢�j�Ï8lL°Êo®d s | s?t |�d s o � e(d±»¯jk�IlL� � �}��Ð
l s d t �]o®l � �}d%~V« _a` d�e(dpo `}t ~ t °VlP��lL�©qSj � j s dp� � dpj t �(o ` d2�pd%��o s lL�Ñ� � e � o!o ` d t's d%e�lP�}~/l
� t m}|�� � �}�Ò¢ � o ` l s dp°Ód s d%�}�pd�jkqSjko?d%e � �¦¢ `�� � ` o s lP�}jk| t's o¼lLo � t �¦o � e(d%j�l s d � ~}d%��o � �Il6�¡�©q
ª%d skt «
ÔxÕ�ÖA×kØÒÙ �6Ú-�P� Û d±o¯¢ t'sk½Ñ��r-t �©� � �}� � h²lP�]~ t e ¢KlL� ½�� h2dp�%m sks d%�]�%d ��_^s lP�]j � d%�}�pd �Ü d%��o s lL��{ � e � o2o ` d tPs d%eÝ«

Þ©ß/àáãâ¯ä�å àáÎæ.çèâ¯é8êpë

ìKí�îpï8ð8ñ±ò}ñpóBóBô8õkïTï³ö�÷�î%ï8ø³î¼ùûú%ðTñÌðÍõ¾ü.ý�þ ÿ±õkôTï8þ ð ��� ÷�õkø��6ñ±ý�þ øãî�� ÷�ñ±ð���õ
	añÌðÍþ ø³ñ±ò��Pñ±ø�
�ò ð ����� �Bñ±þ ô�î��
� ôÍî��Bñ���þ ò þ ð ����� ñ��LîpôTñÌð8îpô � î�� � ñ±ô��±õ���ñ±ýBóBî�	Àú � ï8ðÍõ
	Kï ��� îpô8î�� � õ³ÿ ��� îpô8þ �������� ���� ÷�îpïTøãî¼ù � �Vü�ú��ú"!$#&%

' í�î%ïÍðTñÌòAñ±óBóBô8õkïTïkö(!*)+�,!$#-��..î�	añÌþ ý�õ�ó�õ � îpò/
6øãõkñ�
 � �^î�ø10"
�õ?ýBøãî�
Bô8ð&�32Aí ��4�5 �&6  7�85:9;� õ
� �BõkïTýBñ �<� õkó�õ1=��>���?#?) �A@ %

Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)

Téléphone : (33 1) 39 63 55 11 – Télécopie : (33 1) 39 63 53 30



�Ý*�������� �-
��-������ ��� �# �����!*x�N	�� ���* �I�����.���N ���*��!�
#��.�.����������� �I�����²��	I�������

	�
Õ �
��� 
Õ � ��lP�]jÒ�%d±o�l s o � �±� d �Ît �GlL��lL�©q�jkdÝm}�GjkqSjko bd%e(d ~]d����6ÉÊÉ ÆÊÄ��Ý|}l s o � �pm]� � d sp�
� t e(| t's o®lP��o ¤ jko¼l6o �¡t �}j�d±o § j?d s³¨ dpm s jp«���m�lP�}~xm}��j?d sk¨ d%m s l s?sk�©¨ d bl¦m}�}d­jko®lLo �¡t �¨S� ~}d ��� �KlLo?o?d%�}~µ� lx| s?t � ` l � �}d�l sksk�©¨ idpd bl �pdpoko®d�j³o¼lLo � t �A« Ü ` l ¥ m}d¦�p� � dp�EoÒ� `}tP� j � o(j®l
~}d%j³o � ��lLo �¡t �µj?dp� t �µm}�}d(e�lLo s³� �pd/~}d skt m]o¼lL�'d�¶�«�{cd(� t ��o®dÌnSo®d¦~]mµe t ~ bdp�¡d/dpjko­j?m s »
o t m]o��pdp�¡m � ~}dpj s id%jkdIlPm�n ~]d(o s lP�]j?| t's o%«���� t �]o � d%��o�m}�}d(�p� lPjkj �©º �IlLo � t �û�P� t ��lL�¡d¸~}m
jkqSjko bd%e(d � j t m}j¸~]d%j ` q�| t o `cbd%jkd%j/lPj?jkd%ª�� l s �'dpj � d%�Ge t ��o s lP��o(� t o®lPe(e�dp��o ¥ m�� � �¾�}d
|4dpm]o��dpo s d ¥ m]dÝo s lP�]j � d%��o t m s id%�pm s?s d%��oI«����·~ t �}�}d�lPm}jkj � m}�}dÝ�±� lPjkj �©º �Il6o �¡t �:~ÎidÌ»
o¼l � �¡�Ìid%d(| t m s � ` l ¥ m}d º �¡d � l � �]j ��¥ m}d�~}d%j�� tL� j�� � e � o?d%j­lP| s%bd%j�� ` lP�}�'dpe(d%��o$~��ãidp� ` dp�©� d
o®d%e(| t's d±�¡�¡dÒ� t � ¨ d%�}lP�]�¡dP«­{�l�~Îid%e�l s � ` d¸| s?t | t jSid%dÒj � lP|]|}m � d¸j?m s �¡d$o ` id t's%bd%e(d¸~}d$� l
� � e � o?d��%dp��o s l6� d�d±oKjkm s m]��� t m]|]� lL�'d�l ¨ dp��m}��| s?t �%d%jkj?m}jK~}d s idp°Iid s d%�}�pd �}tcbm(�¡d%jKo?d%e(|}j
~}d�o s lL�}j?| t's o�j t ��o � ~}dp��o �¡¥ m]d%e(d%��o��Em]�¡j%«
!´Ù �B� × �#" 
Õ � vxl s � ` d,lL�±idIlLo tP� s d � h�id%j?d%lPm � h�idp�%m sks dp�}�%d �%$ � s m]o � � ��_^s lP�]j � d%�}�pd �
o ` id t's%bdpe�d Ü dp�Eo s lL�-{ � e � o®dL«



�

� � �����2�!	�����	I�/� �(& ����� � � �����
Ü t �}j � ~}d s lP� t |�d%���}dpo¯¢ t's?½Ñ� � t �}j � j³o � �}� t ° ¤ jko¼l6o �¡t �}j­Ï8� t ~}d%j � |�l s?½�� �}�/� t o?j±ÐalP�}~§ �Il s j � ¢ `]� � ` � �¡s �%m�� lLo?d�lPe t �}��o ` d/jko®lLo �¡t �}jp« {cd±o����	��
��
 f���������� ¤�� « _a` d�l sksk� »¨ l6� j t °N�pm}jko t e(d s j²° t's e�l/j � e(|]�¡d$| tP� ��o�| skt �pd%j?j � ~}d º �}dp~,�Eq l�e�d±o s³� �%lL�¡�©q�o s lL�}j � »
o �©¨ d�j?d ¥ m}dp�}�%d t ° � ��o®d s l s?s³�¡¨ lL��o � e(d%j 
���� ������f � «/z²j?j?m]e � �}�xo ` d º�s j³o$�pm}jko t e(d s
l s?s³�¡¨ d%j�lLo�� � � � � o ` d%� o ` dGÏ!�#" f6ÐT» o ` �%m}j³o t e(d s d%��o®d s j�o ` d,j³qSjko®dpe lLo�o � e(d
� �%$ � �

�&
')( � � ' lL�}~ � j�~ � s d%�±o®d%~ o t j t e(d�� t ~]d+*N¢ � o ` | s?t ��lL� � � � o¯q-,/.!�0*213�4��,5.76 �

lP�}~�8&. ( � ,/. � f9�'z²�©�Ñ�%m}j³o t e(d s jK� `]t�t jkd2o ` d �¡s ~}d%j³o � ��lLo � t � ¨E� l�j t e(d2d s � t ~ � � s?t m]o � �}�
e/l6o sk� n;: � Ï�<=. ' Ð	.?> 'A@�B «�{^d±oDC � ÏECF�G����������C

8
Ð-�4d�o ` d � � ¨ l sk� lP��oKe(dIlLj?m s d�lPjkj t � � l6»

o®d%~Ýo t :�«Nz´�Il s l sksk�©¨S� �}�/lLo2l¸jko®lLo �¡t �Ý¢ ` d s d�o ` d s d­l s d�¢al � o � �}���%m]jko t e�d s j2o¼l ½ d%jt �}d t °No ` d%e�o t j t e(dÒ~}d%j³o � ��lLo � t �A«�¬ ` dp�}d ¨ d s o ` dÒ�Il s²º �}~}j�l�j³o¼lLo � t �,dpe(|]o¯q �V� o
jko t |}jÒlP�]~û¢al � o�° t's o ` d/�}d±nSo¸l s?sk�©¨ lL�KlLo­o `]� j$� t ~}dP«Ýz2°Êo®d s�` l ¨E� �]� s dIlL� ` d%~ûo ` d �¡s
~}d%j³o � ��lLo �¡t � � �%m}j³o t e(d s jK�¡dIl ¨ d�o ` d��]dpo¯¢ t's?½ «�z²�¡j t}� l­�pm}jko t e(d s ¢ `}t]� m}| t ��l s?sk�©¨ lL� �
~ t dpj¾� t o º �}~�lP��l ¨ l � � lP�]�¡d��Il s ¢Kl � o®j � ��l ¥ m]d%m}d�Ï8� t(� e(|�lLo � lP�]�%d�| ` dp� t e(d%� t � � j
lPj?jkm}e(d%~4Ð®« Ü lP|}lP� � o � d%j t °^¢Kl � o � �]� skt�t e�ja° tPs �p� � dp��o®j²l s d�jkm}|}| t j?dp~xm}��� � e � o?d%~ lP�}~
o ` d s dÒl s dÒl6o²�¡dIlPj³o § l ¨ l � � lP�]�¡d$|�l sk½�� �}�/� t o?j²° t's �Il s j�l6o�d%lP� ` jko®lLo �¡t � �Ñ� « dP«¸ÇGH ��ÁEI
J Æ Å ��É©ÃSË¼ÇGH¦Ç±Ä�ÁÓÅ t °-�Il s j2l s d�� t o�l6�¡� t ¢Kdp~ � �Ýo `]� j²e t ~}dp�8«
¬ûd � �Eo s?t ~}m}�pd�o ` d�° t �©� t ¢ � �}� ¥ m�lL�Eo � o � dpj � ° t's lL�©�K*��	LM1N�0� ���\f+O

PRQ . ' � o ` d¾o � e�dao t � t ° s?t e � t ~]dS*^o t � t ~]dDL �UT fWVX*��	LMV ¤ « _a` d ¤-Y!s lP�}~ t e¨ l sk� lP�]�¡d%j�~ t � t o�~}d%|�d%�]~ t �Go ` d l s?s³�¡¨ lL��| s?t �%d%jkj � �]m]o¦�%lP�:��dÝ� t'sks d±� lLo?d%~
�4d±o¯¢Kdpd%� dIlP� ` t o ` d s «

P[Z ' Ï!�^Ð � o ` d��Sm]e$��d s2t °.�pm}jko t e(d s j�lLo�� t ~}d\L�l6o¾o � e�d]� �_^ �a`
PRb ' ÏE��Ð � o ` d��Em}e­�4d s²t °-�Il s j2lLo2� t ~}d\L�lLo¾o � e(d]� �_^ �=`
Pdc Ï!��Ð � o ` d�| t j � o � t � t °�o ` d�jkd sk¨ d s lLo�o � e(d_� �e^ �¸¢ ` d%� § � fP«
Pgf � � o ` d�j?dpo t °-� t ~}d%j2lLo¾¢ `]� � ` o ` d s d � j2lLo¾�¡dIlPj³o t �}d ¨ d `�� �±� d$lLo¾o � e(d_� � `

z�j?jkm}e(d²o ` d\��» o ` �pm}jko t e(d s l s?s³�¡¨ d%jÎlLo�� t ~}d\*®ÏE��Ð�lP�}~ � ��o®dp�}~}j�o t � t o t � t ~}dhL�ÏE��Ð®«_a` d�|�l �¡s j

 Ï!*®ÏE��Ð �iLÑÏ!��ÐkÐj� �k�\f � �

�?��ýDl 9�4�5� 



�

l s d�jkm}|}| t j?dp~Ào t ° t's e l,j?d ¥ m}d%�}�pd t ° � �}~}dp|4dp�}~}d%��o�lP�}~ � ~]d%��o � �IlL�©�©qG~ � j³o s³� �}m�o®d%~
ÏkÆ�� Æ�� J �©Ð s lP�]~ t e ¨ l s³� lP��� dpj%« _a`�� j2e(dIlP�}j2� t �}� s dpo®d±�¡qÝo ` lLo¾o ` d­� `}tL� �pd t °�l¸~}d%j³o � ��l6»
o �¡t �Ý�Eq�l(�%m]jko t e�d s ~]d%|�d%�}~}j t �]�©q t � `]� j�l s?sk�©¨ lL�c� t ~}d�lP�}~ t �Ý� t o `]� �}�/d±� jkdP«K{^d±o
lL� j t

� � Ï�� ��� Ð�� � � Q . � 8�
'�( �

<=. ' �¦Ï Q . ' Ð � Q � 8�
. ( �

C . Q .5� Ï³f'«©fLÐ
_a` d�e/l � ��� t lL� t °-o ` d�jko?m}~]q � j�o t lP��lL�©qSª%d�o ` d���d ` l ¨E� t m s�t °.o ` d�| s?t �%dpj?j

	 �	� 
� 
 	 Ï!�^Ðj� ���\f � �	� 
� 
 Ï Z ' Ï!�^Ðj� b ' ÏE��Ð ` L 1N�2Ð � � �\f �
�	� 
� 
�
Z Ï!�^Ðj� 
b ÏE��Ð � ���\f � � Ï³f'« �EÐ

��Õ�
���� � �ÓÙ�������� Ç­ÄAÇ±Á�� �6Â��/Æ Å�Å%ÃPÆ J Á ���±Ç(Ç±Â � � J ÆTË­Æ �! ¾ÃPÄ J �6Ä�É I¦Æ �! KÁ � Ç±Â®Ç(Ç#"'Æ Å±ÁÊÅ(Ã
Å±Á ÃPÁÍÆ �6Ä�ÃPÂAI�ÃPÄ J Ã��©Å$�&%�Ä�ÆÊÁãÇ�Å�Ç�'%È�Ç±ÄAË¼Ç

(	*),+ -� 
 (	 ÏE��Ðj��� �\f � ),+ -� 
 Ï (Z ' Ï!�^Ðj� (b ' Ï!�^Ðj`SL#1N�2Ð � ���\f � �
Å±ÈÑË � Á � ÃPÁ 	 Ï!�#"/.ÑÐ$Ë �6Ä10PÇ±Â ��Ç¼Å2�KÇ?Ã3�6É I�Á � (	 Ï4.�Ð�Ã6Å �65 7�� T . �\f8�:9�Ë¼Ë �6Â J ÆÊÄ��'É I3 
Ã�Ä�� J Ç]*�Æ Å/Ç±Â � � J ÆTËÒÆ �! 2ÃPÄ J �6Ä�É I�Æ �! Z .¯ÏE� ";.ÑÐ<�KÇ?Ã3�6É IxË �6Ä10PÇ±Â ��Ç¼ÅÒÁ � Ã�Å±Á ÃPÁÍÆ �6Ä�ÃPÂAI
Å�Ç�'%ÈÑÇ±ÄAË¼Ç (Z .¯Ï�.ÑÐ�Ã6Å �=5 7>�

��Õ�
���� � �ÓÙ��;?@��� Ç�ÄAÇ±Á�� �6Â��(Æ Å�Á8ÂkÃPÄ]Å±ÆTÇ±Ä�Á!Æ �

� � e�BADC 8�
'�( �

Z ' Ï!�^Ð � 7�� Ã��©Å$�

9�Ä�� J Ç\*²Æ Å�Á8ÂkÃPÄ]Å±ÆTÇ±Ä�Á!Æ �
� � e�BADC Z . Ï!��Ð � 7�� Ã��©Å$�

��Õ�
���� � �ÓÙ��FEG��� Ç ��Â ��Ë¼Ç¼Å¼Å 	 Æ Å/Å%ÃPÆ J Á �H�±Ç�Ä�È�ÉÊÉ!Â®Ç¼Ë±È�ÂÌÂ®Ç±Ä�Á�Æ �/ÆÊÁ�Æ Å�Ä��6Ä1I?Ç±Â � � J ÆTË
ÃPÄ J Á � Ç±Â®Ç¸Ç#"'Æ Å±ÁÊÅ­Ã�Å±ÁTÃPÁãÇJ �Å%Ã9I/Ï?Ï�. ' �LK ' Ð `SL#1-�2Ð� �Å±È�Ë � Á � ÃPÁ

¶�Ï 
 Z ' ÏE��Ð � . ' � b ' Ï!��Ð � K ' � LM1N�0`�° t'sa� � º � � o®d±�¡qÝe�lP��qµÄ � Ð � f��
M Æ H¸ÆÊÉ©ÃPÂ J Ç,%�Ä�ÆÊÁ8Æ �6Ä]Å � �6É J �
�6Â$Ç?ÃSË � Å�Ç �]ÃPÂ?ÃPÁ¯Ç�Ä�� J Ç$�

!*)?�,!$#



�

� Õ ��Õ �B��" �^Ù ���]� �ÓÙ��
P ���%�IlLj �¡t ��lL�©�¡q �4� o²¢ � �©����d­� t � ¨ d%� � dp�Eo�o t � t �}j � ~}d s o ` d­jkqSjko?d%e � ��� t ��o � �Em t m}j
o � e(d(lP�}~�o ` d¸j®lPe(d(jkqSe$� t �¡j�¢ � �©�N��d¸m}j?dp~ � dP« �}« 	 ÏE�®Ð � ¢ ` d%�]d ¨ d s � t lLe$� � »
�'m � o¯qÝl s³� jkd%j%«

P _ lL� tSt | skt ��lP� � � � o � dpj�O � °���� �0� *��	LM13� � o ` dp��� ¤ . ' s dp| s dpj?dp�Eo?jao ` d²�Em}e$��d st °!o � e�dpj�o ` d/vxl sk½Pt�¨ � ` l � �ûlLj?j t � � lLo?d%~µo t : ¨E� j � o?j$� t ~}d_L � jko¼l s o � �}�Ý° s?t e�T� m]�}~}d s o ` d s d%jko sk� �po � t � o ` lLoÒ� t �}d t °¾o ` d�� t ~}d%j � �<o ` d�j?d±o�� � j$d%��o®d s d%~� �S»¯��dpo¯¢Îd%d%�A«
P 
	�0� � � � � � ¢ � �©�-~]d%� t o?d�o ` d � �}� s d%lPj � �}�¦jkd ¥ m}dp�}�%d t °�
�»¯lL� �Pd%� s lPj��'d%�}d s lLo?d%~
��q 
 	 Ï �®Ðj�\� V � � «

P �0. ÏE�®ÐKjko¼lL�}~}j�° t's o ` d$d ¨ d%��o�o ` lLo�lP�xdÌnSo®d s ��lL��l s?s³�¡¨ lL�^o¼l ½ d%j²|]� lP�%d$lLo�� t ~}d+*
lLo¾o � e(d]�Ì«

P
��� s dpj?|V«���� � j�o ` d¸j?d±o t ° � ��o®d%�Pd s j � s dpj?|V« t ° s dIlL���Em}e­�4d s j��8« _a` d(| t j � o �©¨ d
|�l s o®j t °¾o ` dpj?d�j?d±o®j(l s d � $ lP�}~�� $ s d%jk|4dp�po �¡¨ dp�©q'« _a` d�� t e(| t �}dp�Eo?j t °2l¨ dp�po tPs 
� 1����2¢ � �©���4d�~]d%� t o?d%~ �Eq � . � * � f�������������«

P _a` d�� t e�|�� dpe�dp��o¼l s q�� ^ � t °�� 1N�:¢ � �©�c��d�¢ sk� o?o?d%� �\lP�}~�o ` d � �}~ � �IlLo t's
°Óm}�}�±o �¡t � t °�lP��l s � � o s l s q�d ¨ d%��o�� ¢ � �©���4d�~}dp� t o?d%~x��q � f"!$#&%p«

' )+�I#Ò���.	)( �2#��N	I��� ��& �N��� �����V� ���+*

_a` d²|]m s | t j?d t °�o `�� j!j?dp�po �¡t � � jNo t �p� lPjkj � °Êq¸o ` d�| skt �pd%j?j 	 Ï!��Ð ��¨S� dp¢Îd%~�lPj!l s lP�}~ t e
¢alL� ½,t � � Y 8$ �c� � o?d s e�j t °Kd s � t ~ � � � o¯q � o s lP�]j � d%�}�pd�lP�}~ s dp�%m sks dp�}�%dL« _a`}skt m}� `]t m]o
o `]� j/|}lP|4d s%� ¢Îdxjkm}|}| t j?d ¤ 6¹f9� � 6��=� ���}d t °²o ` d���lPj � � s dpj?m]�©o®j � j(o ` l6o�o ` d
| s?t �%dpj?j 	 � j��}d ¨ d s d s � t ~ � �L«
,.- ÕSÙ � Õ � ?0/,�21 �],43� C  �Á � Ç±Ä<Á � Ç�ÄAÇ±Á�� �6Â��ÝÆ Å¸Á8ÂkÃPÄ]Å±ÆTÇ±Ä�Á���5 �6Â®Ç �30PÇ±ÂJ �
�6Â/ÃPÄ I .
Å±ÈÑË � Á � ÃPÁ

,76e6 8�
. ( �

,/. <=.86�� ÏT��«©fLÐ
Ä�� J Ç .µÆ Å�ÁÍÂkÃPÄ]Å±ÆTÇ±Ä�Á4�

�?��ýDl 9�4�5� 



�

: � ÙVÙ�� ¬ ` d%� , 3� C � o ` d s d�dÌn � j³o®j�lLo��¡dIlPj³o t �}d¸� t ~}d � j?lIq . � jkm}� ` o ` lLo�� t �}~ � »
o �¡t � Ï ��«©fLÐ `}t �¡~}jp«K��d º �}d�o ` dp� � ° t's lL�©��� � � � o ` d ¥ m�lP��o � o¯q

� 6PÏ!�7`��xÐ �	� 
� ¶�Ï Z 6LÏE��Ð2V���� Z 6PÏ³fLÐ � �xÐj�
��m�o t °Ko ` d º�s j³o � l s?sk�©¨ lL�¡j � �ûo ` d/jkqSjko?d%e � �¡dpo
	%. ' Ï!��Ð���d/o ` d¦�Em}e$��d s$t °¾�p� � d%��o®j
¢ `}t l s?sk�©¨ dp~xl6o²� t ~}d]*!lP�]~�¢KlP��o®dp~ o t(s dIlP� ` � t ~}d LÑ«!{cdpo

	%.ãÏ!�^Ð �	� 
� 8�
')( �

	%. ' Ï!��Ð � �	 .ãÏE��Ð �	� 
� 8�
')( �

	 ' . Ï!�^Ðj� ÏT��« �EÐ

� � Ï ��« �EÐ � 	%.ãÏ!�^Ð s d%| s d%j?dp��o®jÒo ` d/o t o¼lL�!�Em}e$��d s$t °­Ç#"'Á¯Ç±ÂÌÄ�ÃPÉV�%m}j³o t e(d s j¸l sksk�©¨E� �}��lLo
� t ~]d * � ¢ `]� � d �	%.ãÏ!�^Ð2jko¼lL�}~}j�° t's o ` d(�Sm]e$��d s�t °²ÆÊÄ�ÁãÇ±ÂÌÄ�ÃPÉÑ�%m}j³o t e(d s j � ��o®dp�}~ � �}�Ýo t
� t o t jko®lLo �¡t � *?« Û t ¢�o ` d�° t �©� t ¢ � �}� � �}d ¥ m}lL� � o¯q � j t � ¨E�¡t m}j�O

� 6PÏ!�7`��xÐ2V ¶ 
 	"6LÏE��Ð2V��	 6LÏ!�^Ð � �
� 6PÏE��Ðj� ÏT��« �SÐ
_�t j³o®m}~]q$o ` d�lPj³qSe�|�o t o � ����d ` l ¨E� t m sNt ° � 6PÏE��Ð � lLj �65 7 � �¡dpo+� . ' Ï��LÐ^��dao ` d¾d ¨ d%��o
o ` lLo2o ` d��p» o ` �%m]jko t e�d s l sksk�©¨ dpj�lLo²� t ~]d+*KlP�}~ ¢KlP��o®j²o t � t o t � t ~}d4L�«����}d$�%lP�
¢ sk� o®d

	 6PÏE��Ð �
�
�
� ( �

8�
')( �
� f ! ������� ��� % � �	 6PÏE��Ð �

�
�
� ( �

8�
')( �
� f ! ������� ��� % � ÏT��« � Ð

	 6LÏ!�^Ð ^ �	 6PÏE��Ð �
�
�
� ( ���

6PÏ��PÐ
¢ ` d s d

� 6PÏ��PÐ � 8�
'�( �
Ï�� f ! ������� ��� % ^ � f ! ������� ��� % Ðj�

�Ñskt e t m s �'d%�]d s l6��lPj?jkm}e(|]o �¡t �}j ��� oN° t �¡� t ¢�j � e(e(d%~ � lLo®d±�¡q¸o ` lLo�o ` d s lP�}~ t e ¨ dp�po t's j
� Ï��PÐ � Ï � �ÌÏ��LÐj��������� � 8 Ï��LÐ?Ðj���W�\f��Ñl s d¸Æ�� Æ�� J � � m s o ` d s e t's d

� � 66Ï��LÐ � ,76 ^ 8�
'�( �

, ' < ' 6 �! 6_6:�=�

" j � �}�(¢Kd±�¡�è» ½ � t ¢��x� l s �'d�~}d ¨E� lLo �¡t ��m}|}|�d s � t m}�}~}j­Ï8jkd%d�dP« �}« � �	�ÍÐ ��t �}d t �]o®l � �]j�o ` d
d%jko � e�lLo?d

� 6LÏE��Ð2V
#���$ �&%('�) � ÏT��« �EÐ

!*)?�,!$#



�

¢ ` d s d #��¾lL�}~ # Y l s d º n�dp~ � t �}jko®lP��o®jp« � o�° t �©� t ¢�j¾° s?t e Ï ��« �SÐÎlP�]~µÏT��« �EÐ�o ` l6o
C
�
� ( �

� 6LÏ!� ���xÐ��;7��

_a` d�� tPs dp�è» Ü lL�Eo?dp�©� � {cd%e(e�lxd%�]j?m s d%j$o ` lLo�o ` d/| s?t �%dpj?j 
 Z 6LÏE��Ðj��� ��f � o®l ½ dpj � o®j¨ l6� m}dpj¦¢ � o `]� � lP� l s � � o s l s q·� t m}�}~}dp~ � ��o?d sk¨ lL� � �=� � ��l º � � o?d��Em}e$��d s¦t °�o � e(d%jt �]�©q O¾o `]� j�e(d%lP�}j�o ` lLo Z 6PÏE��Ð � j²o s lP�}j � dp��o � lP�}~xj t�� j�o ` d$�}dpo¯¢ t's?½ « _a` d¸| s?tSt ° t °
o ` d�o ` d t's d%e � j�� t �}�±� m]~}d%~V«
,.- ÕSÙ � Õ � ?0/ ? 1 �

, � C � ÏT��« �SÐ
Á � Ç±Ä�Á � Ç�ÄAÇ±Á�� �6Â��(Æ Å­ÃPÉ �!Ã9I�Å�Á8ÂkÃPÄ]Å±ÆTÇ±Ä�Á1�
�6Â ¤ � � ÃPÄ J ÃPÄ I/ÃPÂ �%ÆÊÁÍÂ?ÃPÂAI Q � 1 Á!Æ Å�Ä�È�ÉÊÉ
Â¼Ç¼Ë±ÈSÂÌÂ®Ç±Ä�Á��
�6Â ¤ � �a�®��ÃPÄ J Q � �1�
: � ÙVÙ��

�­��� Õ ¤ � � / � o¸jkm����%dpj(o t | s?t�¨ dÝo ` d¦o s lP�}j � dp�}�%d�° t's Q � � � j � �}�pd t �}d
�IlP� dIlPj � �©qxj `}t ¢\o ` l6o�l�jkqSjko?d%e ¢ � o ` Q � � � j�|}lLo ` ¢ � j?dÒ~ t e � ��lLo?d%~���q l/j³qSjko®dpe` l ¨S� �}�(o ` d�j?lPe(d$l sksk�©¨ lL�^lP�}~ skt m]o � �}��| s?t �%dpj?jkd%j � �}m]o2lL�xl s � � o s l s q Q 6 ��«
�ÑtPs o ` d�j?l ½ d t °2j `}t's o?�}d%jkj � � d±o(m}j¸~}d%� t o®d���q	� o ` d�jko¼l6o®d t ° 	 Ï!��Ð�¢ ` d%�Go ` d s d
l s dÝ� t �%m}j³o t e(d s j � �Ào ` dÝ�}dpo¯¢ t'sk½ lL�}~:l6�¡�2�Il s j�l s d�¢Kl � o � �}�<lLo�� t ~}d f'« $S� �]�%d

 *®Ï!�^Ðj�iLÑÏE��Ð �­� j²l(j?d ¥ m}dp�}�%d t °aÆ�� Æ�� J � s lL�}~ t e ¨ d%�po t's j�lP�}~ Q � � � o ` d­j³o¼lLo?d
� � j²ls d%�Pd%�}d s lLo � t ��| tP� ��o�° t's o ` d�| s?t �%dpj?j 	 « $ d±o?o � �}�

� ÏE��Ð � ¶�Ï 	 Ï!�^Ð � �2Ðj�
o ` d�° t �©� t ¢ � �}��jko¼lL�}~�l s ~ �±� lPjkj �©º �Il6o �¡t � `}t � ~}j�ÏÍj?d%d�dP« �}« � � �ÓÐjO
� Æ
� 	 � j2o s lP�}j � dp��o � ° C

�
� ( �

� ÏE��Ð�� 7 ` ÏT��« � Ð

� ÆÊÆ
� 	 � j²d s � t ~ � � � °
� � e � �]°�BADC � Ï!�^Ð � � 6 �S` ÏT��« �SÐ

�?��ýDl 9�4�5� 



�

� ÆÊÆÊÆ
� 	 � j²�Em]�©� s dp�%m sks d%��o � °
C
�
� ( �

� Ï!�^Ð � 7 lP�}~ � � e� ADC � Ï!��Ð � �=� ÏT��« �SÐ

z�j?jkm}e � �]� 	 ÏT�SÐ � � ¢ � o ` | s?t �}lP� � � � o¯q t �}d � ¢Kd ` l ¨ d�o ` d � �}d ¥ m}lL� � o¯q
� ÏE��Ð2V ¶:Ï�	 . Ï!��Ð � �	%.¯ÏE��Ðj� T *h1-�2Ð �	� 
��� ÏE��Ðj� Ï �S«¡f��EÐ

w�n�| s d%jkj �¡t � Ï �S« � Ð � � �©¨E� �}� 	 . Ï!�^Ð ^ �	%.ãÏ!�^Ð � � o®d s e(j t °$o ` d ¨ d%�±o t's j � Ï��LÐj� ��V � �
o t �'d±o ` d s ¢ � o ` � t �}~ � o �¡t �µÏ ��« �SÐ � ¢ `]� � ` q � d±� ~}j

� � .ãÏ!�^Ð � �=� *D1N�4�
|4d s e � o�o t m}jkd­o ` d�� ��Ë?ÃPÉ��ÎÇ±Ä�ÁÍÂkÃPÉ��-Æ H¸ÆÊÁ ��� Ç �6Â®ÇGH � j � �}�pd­o ` d ¨ d%�±o t's j � Ï!��Ð � � �¿f9�
l s d¸Æ�� Æ�� J � « Ü t �]j?d ¥ m}dp��o?�©q �

� Ï!�^Ð����	�U��

���' � Ï �S«¡f'f6Ð
j t o ` lLo � ¢ � o ` Ï ��«©f��SÐ � � t �]~ � o � t �ûÏT��« � Ð `}t �¡~}j2° tPs�¤ 6:�]«

�­��� ÕY¤ � � �¼� / $�`}t ¢ � �]�/o ` d­| skt |�d s o¯q¦° t's²§ � f�¢ � �¡�^dp�}j?m s d � o `}t �¡~}j¾° t's
lP��q § « _a` m}j�o¼l ½ d § � f­lP�}~��¡dpo 
� ÏE��ÐÎ��d�o ` d ¨ dp�po t's ¢ � o ` � t e�| t �}dp��o®j

� .¯ÏE��Ð � 	%.¯Ï!�^Ð ^ �	 . Ï!��Ð � T *D1N�0� T � 6:�=�
� �Eo s?t ~}m}�pd�o ` d�d ¨ d%��o®j � � �	��
��� 
� ÏE��Ð � 
���
lP�}~ �

. �pÏE��Ð �	� 
�
��
� ( � � � f ! ��� � ��� % � � f ! ��� � � ��� % � f�� � � f ! ��� � 6 � > 6�� � % � �
�S��

.?�pÏ!��ÐÎj?l�qSj2o ` lLo � lPe t �}�/o ` dW� º�s jko�l s?s³�¡¨ lL�¡j � ��o ` d��}dpo¯¢ t'sk½�� o ` d$~}dpjko � ��lLo � t � t °
o ` d�� lPjko2�p� � d%��o²l s?s³�¡¨ d%~�l6o�� t ~]dW*N¢KlPj�� t ~}d(f'«Ü � d%l s �©q�� � � 
 c Ï!��Ð � f � «2v t's d t�¨ d s o ` d$d ¨ d%��o 
 c ÏE��Ð � f�` � �±ÏE��Ð � � � j®lIqSj �4� �
|�l s o � �pm]� l s%� o ` lLo²lPe t �}�(o ` dW� º�s j³o�l s?sk�©¨ lL�¡j � lL�©���p� � dp�Eo?j2¢ `]t j?d­~}d%j³o � ��lLo �¡t ��¢alPj�f` l ¨ d¦��d%dp�<j?d sk¨ d%~ s³� � ` o$lL°Êo®d s o ` d ��� ��d±nSo?d s �}lL�al s?sk�©¨ lL�8« Û t ¢ o ` d s d%jkm]�¡o­° t �©� t ¢�j
° s?t e o ` d Ü d%��o s lL�^� � e � o2o ` d tPs d%eÝ«

!*)?�,!$#



�

Ï � Ð ¤ � ��«�¬µd ` l ¨ d � ° t's lL�©� �,j?m �/� � dp��o?�©q � l s �Pd �
� �
� � � ¶�Ï � ���

�
Y �pÏE��ÐkÐhV ¶�Ï 	 Ï!�^Ð � �2ÐhV ¶�Ï � � Ð � � Y

� � �

° t's j t e(d$� t �}jko®lP��o®j � ��lP�}~ � Y � ¢ `]� � ` | s?t�¨ d%j�o ` d$�Em]�©� s d%�pm s?s d%�}�pd¸lP�%� t's ~ � �}�/o tÏ ��« �SÐ¼«
Ï �¡� Ð ¤ � �]« ��� s jko � o ` d �¡s?s d%~}m]� � � � � � o¯q t °¾o ` d skt m]o � �}��e�lLo sk� n ¶ lL�©� t ¢�j­o t

lPj?jkm}e(dxÃ J É Æ��%ÆÊÁ8È H � ° t's�� �}jko®lP�}�%d_< Y�� < � � 3� �]« _a` d%� � ° t's l6�¡� � jkm���� � d%��o?�©qY� l s �'d �
o ` d s d�d±n � o²� t �}j³o¼lP��o®j � � lL�}~ ��� j?m}� ` o ` l6o

� �
� � ¶/Ï � ���

�
Y �pÏ!�^Ð �

�
� �pÏ!�^Ð?ÐhV ¶/Ï 	 ÏE��Ð � ��ÐhV ¶�Ï � � Ð � ���

� �

z���l � � Ï ��« �SÐ � j�j®lLo � j º d%~xlP�}~Ýo ` d�o ` d t's d%e � j²� t e(|]�¡dpo®d±�¡qÝ| s?t�¨ dp~V«

� 	 � �2#$��
<����#² �	I�/*��

z ~}d±o¼l � �¡d%~��p� lPjkj �©º �IlLo � t � t °Vo ` d�� t ~}d%j!¢ � �©�4�4d²| s dpj?d%��o?d%~ � �/o ` d²�}d±nSo���o ` d t's dpe(j%«�ÑtPs e�lP��q ¥ m�lP��o � o � d%j t ° � ��o®d s d%j³o � o ` d s dIlP~]d s�� j s d±°Ód s?s d%~ûo t ~]d º � � o �¡t �}j$� �¡¨ d%� � �
j?d%�±o �¡t � f �}� ��|�l s o � �%m]� l sa� �ûÏ³f'«©fLÐÎlP�}~µÏkf'« �EÐ®«
,.- ÕSÙ � Õ � E�/,�21 �

, � C �
Á � Ç±ÄYÃPÉÊÉcÁ � Ç�Ä�� J Ç¼Å­ÃPÂ®Ç�Ä��6ÄûÇ±Â � � J ÆTË$�
: � ÙVÙ�� ��t's o ` d²� t �/d s � t ~ � � � o¯q �E� o!jkm����%d%j!o t �Il s?s q t m]o�o ` d2lP��l6�¡qSj � j � �(o ` d2�IlLj?d
Q � �/lP�}~�o ` dp�xo t | s?t�¨ d­o ` lLo � ° t's lL�Eq=. � o ` d$j?d ¥ m}d%�}�pd 
 Z 6LÏ!��Ð � � � f � ° t's e�j²l
j?m}�}e�l s o � �}��lL�¡d�¢ � o `xs d%j?|�d%�±o�o t o ` d�°ÍlPe � �¡q t ° 
�»¯lL�¡�'d%� s lPj 
	� � � �k�\f � «�¬ûd ` l ¨ d

Z 6PÏE�M" fLÐ � Z 6LÏE��Ð � �=� T . 1 f � � Ï8�]«©fLÐ
lP�}~

Z 6LÏ!�#" f6Ð ^ Z 6LÏ!��Ð2� � f ! ����� � � % ^ �
. @
��� ���

¤ . 6 � f ! ��� � � � % � T . 1 f � � Ï8�]« �EÐ

�?��ýDl 9�4�5� 



f��

� o¾° t �¡� t ¢�j2° skt e Ï8�]« �EÐ�o ` l6o � ° t's lL�©� . 1 f � �
�/Ï Z 6LÏ!�#" f6Ð ^ Z 6LÏ!��Ð � � � Ð2� C 6 ^ �

. @ ���
C .��/Ï ��� ¤ . 6�Ðj�

$ dpoko � �}�
: � � � � � Ï?<=. ' � *D1 f � � L 1 f � Ð �
: � � � � � Ï?<=. ' � *D1 f � �hLM1 f � Ðj�

C � � � ÏEC . �0*D1 f � Ð �
o ` d�lP� t�¨ d s d±� lLo � t ��q � dp�¡~}j � ° t's lL�©��.�1 f � �

�¦Ï Z 6PÏE� " fLÐ ^ Z 6LÏE��Ð � �0� Ð � C 6 ^ �
. @
���

C . �
'A@ � �

<=. ' �¦Ï � � ¤ ' 6IÐ

� C 6 ^
�� � C ��� : ��� � � ������ ÏE: � � � � Ð �	�
 6 � �a�

¢ `]� � `A� o t �'d±o ` d s ¢ � o ` ÏT��«¡fLÐ � j `}t ¢�j o ` lLo 
 Z 6LÏ!��Ð � � � f �û� j lGj?m]�}e�l s o � �}�'lL� dL«Ü t �}j?d ¥ m}d%��o?�©q Z 6K¢ � �¡�Ñ� t�s d%lP� ` l�� t e(|�lP�po!jkdpoÎ� t ��o¼l � � � �}�­� � �/lP� � ��o®dp� s lL�]� d¾o � e(d
lP�}~�o ` d�� t ~}dpj�l s d�� t ��d s � t ~ � �L« _a` d�| s?tSt ° � j�� t �]�p�¡m}~}d%~A«
� ��°ÍlP�±o � o ` d s d � j²l¸e tPs d�| s dp� � j?d s dpj?m]�©oI«
,.- ÕSÙ � Õ � E�/ ? 1 �

, � C lP�}~ Q � �=�
Á � Ç±Ä<Ç?ÃSË � Ä�� J Ç�Æ Å­Ä�È�ÉÊÉ^Â®Ç¼Ë±ÈSÂ±Â®Ç±Ä�ÁaÃPÄ J � Ã6Å¸ÃPÉ �!Ã9I�Å$Ã ����Å±ÆÊÁ8Æ 0PÇ ��Â � �¼Ã��%ÆÊÉ ÆÊÁEI � � �±Ç±ÆÊÄ��
ÇGH ��Á!I �
: � ÙVÙ�� {cdpo � . Ï!�^Ð.��d�o ` d�| skt ��lP� � � � o¯q¸o ` lLo!� t ~}d\* � j!d%e(|]o¯q�lLo�o ` d � �}j³o¼lP��o t °4o ` d
Ï!� " f6ÐT» o ` l s?s³�¡¨ lL� � �Ýo ` d�jkqSj³o®d%eÝ«�¬ûd�j ` lL�©�-| s?t�¨ d�o ` lLo

� � e � �]°� A C � . Ï!��Ð � � . 6 �=�
lP�}~<o `�� j$¢ � �©�a��d�j?m���� � dp�Eo(° t's � t ~}d�*�o t �4d¦�Sm��¡� s d%�pm s?s d%��oI«��²d s d � o ` d s d � jÒ� t
� t jkj t °a�'dp�}d s lL� � o¯q � �ûlPj?jkm}e � �]� § � f¦lL�}~ Z .¯ÏT�EÐ � �=� T *_1 �²« _a` d%� � ¢ � o ` o ` d
� t o¼l6o �¡t � t °-o ` d tPs d%e���«¡f � ¢Kd ` l ¨ d


6��( . 
 	"6LÏE��Ð26 �	"6PÏ!�^Ð � � 
 c Ï!��Ð � * � � 
 Z .¯ÏE��Ð � � � �

!*)?�,!$#



f'f

_a` m]j
¶�Ï Z .TÏ!�^Ð � �SÐh� ¶

�� 

6��( .
� & �� ( � � 6LÏE�®Ð� � 6 ��� �
 �

�²d%�]�%d � m}j � �]�#, � C<lL�}~�o ` d �ÎÇ±Ä�ÁÍÂ?ÃPÉ��-Æ H¸ÆÊÁ ��� Ç �6Â®ÇGH � ¢Îd­�'d±o
� � e � �]°� A C � . Ï!��Ð � � . 6 �=�

,.- ÕSÙ � Õ � E�/ E�� � Ç±Ä�, � C� NÁ � Ç�Ä�� J Ç¼Å�ÃPÂ¼Ç
ÏTlSÐxÁ8ÂkÃPÄ]Å±ÆTÇ±Ä�Á�Æ � � Q 6 §��
Ï8�4ÐxÂ®Ç¼Ë±È�ÂÌÂ®Ç±Ä�ÁÎÆ � � Q � §  �È�Ä J Ç±Â�Á � Ç$Ã J/J ÆÊÁ8Æ �6Ä�ÃPÉ^Ã6Å¼Å±È H ��ÁÍÆ �6Ä

�¦Ï Q . ' Q 6��ÊÐ��;7�� T *��	L��J. �
	 1-�4� Ï8�]« �SÐ
ÃPÄ J ÆÊÄ�Á � Æ Å¸Ë?Ã6Å�Ç$ÃPÉÊÉ-Ë �6ÄAË±É È�Å±Æ �6Ä]Å � ��Á � Ç �6Â¼ÇGH�� �
� � �6É J �

: � ÙVÙ��
�­��� Õ�� ��� ���}d­�IlP� m}j?d­jko¼lL�}~�l s ~ ¥ m}d%m}d � �]��o ` d t's q l s �'m}e(d%��o®jp« Ü t �}j � ~}d s lP�

l s � � o s l s q�� t ~}d � *Aj?lIq'« � o.�IlP�$�4d ¨E� d±¢Kdp~/lLj�l²j � �]�P� d ¥ m]d%m}dK¢ � o `¸§ j?d sk¨ d s j�¢ t'sk½E� �}�� ��|�l s lL�¡�¡dp�clP�}~ lP� d ¥ m �¡¨ lL�¡d%��o�l ¨ d s lP�'d�j?d sk¨E� �pd�o � e(d�¢ `]� � ` � j¾� l s �'d s o ` lP�
�
6��( . C 6 Q 6C . " Q . � Q

C . �

_a` d�� t'sks d%jk| t �}~ � �}�/o s l ��� � ��o?d%�}j � o¯q  .�j®l6o � j º dpj²o ` d � �}d ¥ m}lL� � o � d%j
 . � � Q ,/.

C . � � Q 6 § �

¢ `]� � ` e(dIlP�}j¾o ` lLo2dIlP� ` � t ~}d � j¾o s lP�}j � dp��oI«
�­��� Õ�� ���K� �Eo s?t ~}m}�pd�o ` d²jkqSjko?d%e �	 �St �]o¼l � �}dp~¦° s?t e 	 ��q/o®l ½�� �]� Q � �]« _a`]� j

e�d%lP�}j � �<|}l s o � �pm]� l s o ` lLo 	 lP�}~ �	 ¢ t's?½ m}�}~]d s o ` d¦j?lPe(d�l sksk�©¨ l6�KlL�}~ s?t m]o � �}�
| s?t �%dpj?j?dpj%«!z�jkj?m}e � �}� 	 Ï8�SÐ � �	 Ï8�SÐ � o ` d � ~}d%l � jKo t � t m]|]� d 	 lP�}~ �	 |�lLo ` ¢ � j?d � lLo
| s?t |�d s �¡q�� `}t j?dp� � �}jko®lP��o®jp«

�?��ýDl 9�4�5� 



fB�

���������
	 {cd±o¾m}jKj `}t ¢ º�s j³oKo ` lLo �S� °^l6�¡�4�Il s jal s d��]� t � ½ d%~�lLoKl$� �©¨ dp��� t ~}d4*.lLo
j t e(d�o � e�d�� � ��jkqSjko?d%e 	 � o ` d%� 	 Ï
��Ð � �	 Ï���Ð®«Î{cd±o�� . ' ÏE�®Ð � s dpj?|V« ��7. ' Ï �®Ð �^��d�o ` d
�Sm]e$��d s2t °��±� � d%��o®j2¢ `}t l s?s³�¡¨ d%~�l6o²� t ~}d_*ÎlP�}~ ` l ¨ d��4dpd%��o s lL�}j?| t's o?d%~�o t � t ~]d0Lt �,o ` d(o � e(d � ��o®d sk¨ lL� � � � o�� � � 	 � s d%jk|V« �	 �8« _a` d/e�lP� `]� �}d s q t °Îo ` d¸o¯¢ t j³q�j³o®dpe�j
d%�}jkm s dpj2o ` lLo

�7. ' Ï �®Ð2V ��7. ' Ï �®Ðj� T *��iL 13�4� T � � �a� Ï8�]« � Ð
Û t ¢�o ` d�~}d º � � o � t � t °�� q � d±� ~]j

� . . Ï���Ð � �� . .¯Ï
��Ð lP�}~ 8�
')( �

� ' .¯Ï���Ð � 8�
'�( �

�� ' . Ï
��Ðj�

¢ ` d%�}�pd � ��q ÏT�]« � Ð �
� ' . Ï
��Ð � �� ' .¯Ï
��Ðj� T LM1N�0� Ï8�]« �EÐ

$ m}|}| t j?d�o ` d s d��UL 3� * � j?m}� ` o ` lLo Z ' Ï
��Ðh6 �Z ' Ï���ÐAlP�}~��¡dpo Ka��d�o ` d�~}d%j³o � ��lLo � t �­� t ~}dt °�o ` d¸� lPjko��%m]jko t e�d s j?d s³¨ dp~<lLo�� t ~}d_L � �YjkqSjko?d%e �	 � �4d±° t's dÒo � e(d���« �Km]o�o ` d%�
� '�� Ï
��Ð � �� '�� Ï���Ð®« �ÑtPs K � * � o `�� j � e(e(d%~ � lLo?dp�©qû� t ��o s lL~ � �±o®j¦ÏT�]« �EÐ¼« ��o ` d s ¢ � jkd �
Z � Ï
��Ðh6 �Z � Ï���Ð � j � �}�%d²o ` d s d�¢Îd s d�e t's d ¨S� j � o®j t °c�Il s j¾lLoÎ� t ~}d4* � ��dp° t's d²o � e(d�� ��� �
jkqSjko?d%e �	 o ` lP� � �xjkqSj³o®d%e 	 �Ñs d%e(dpe$��d sk� �}�¦o ` lLo²lLo�o � e(d��´l6�¡�^�%l s j²l s d��]� t � ½ d%~
lLo�� t ~}d]*?« Û t ¢ � ��q � �}~}m}�±o �¡t � � o ` d s d�¢ t m]�¡~�d±n � j³o � � jkm}� ` o ` lLo�� � .¯Ï���Ð�� �� � .¯Ï���Ð �� t ��o s lP~ � �po � �}�/lP��l � � ÏT��« �EÐ®«

����������	 Û t ¢ ¢Îd�¢ � �©�.� t �}jko s m}�±o�lL� � �}� s dIlPj � �}�/j?d ¥ m]d%�}�pd t °�j³o t |}| � �}��o � e(d%j

 �06 �J. �\f � j?lLo � jk°Êq � �}�/o ` d�° t �©� t ¢ � �}�/| s?t |�d s o � d%j�O

�/Ï�� 6 $ � ^ �06 � ��� � Ð � � � 7 lP�]~�� *?Ï4.ÑÐ!¢ � o `
Z . � 6 � Ï�� 6BÐ � �a� b . � 6 � Ï�� 6BÐ � § � T . � �a�

_ l ½ d � m}j � �}�(o ` d�� t o¼lLo � t �µÏ³f'« �EÐ �

� � 
Z ÏT�SÐ � 
 �

¢ � o ` j³o s³� �±o � �}d ¥ m}lL� � o � d%j � 
 ��d � �}�/l º n�d%~x| t j � o �¡¨ d ¨ d%�±o t's « _a` d�| tP� ��o � j¾o t | skt�¨ d
o ` lLoNlLo��¡dIlPj³o t �}d�l s � � o s l s q$� t e(| t �}d%��o t ° 
Z ÏE�®Ðc¢ � �¡� s dIlP� ` � � �(lP� � ��o?d%� s lP�]�¡dao � e�dL«_a`]� j�¢ � �©�!�4d�~ t �]d/��q e(dIlP�}j t °�lÝj?m]|4d s e�l s o � �]��lL�¡d�l s �'m}e(d%��o � ° t �pm}j � �}� t � o ` d
d ¨'t � m]o � t � t °Kl º n�d%~ � t e(| t �}dp�Eo � j®lIq Z . � lLo�l s?s³�¡¨ lL�.o � e�dpj�!K�j�"! Y ���������clLo�� t ~}d *k«Ü � d%l s �©q � o ` dÒo � e�d(�}dp�%dpj?j®l s q,o t dpe(|]o¯q t �}d(l s � � o s l s q�� t e(| t �}d%��o � j�� t o�� s d%lLo®d s

!*)?�,!$#



f��

o ` lP�Ýo ` d�o � e(d­o t dpe(|]o¯q Z . � � t �}~ � o �¡t �}dp~ t �Ýo ` d�°ÍlP�po2o ` lLo²lL�¡� t o ` d s � t e(| t �]d%��o®js d%e�l � ��jko s³� �±o?�©qÝ| t j � o �©¨ d � �Ýo ` d�e(dIlL�E¢ `�� �¡dP«
_a`]� j s d%lP~}j�e t's d�| s d%� � jkdp�©q � j?d±o?o � �}���¾ÏE�®Ð � 8
� ( � 
 Z �ÍÏ�K�Ð�3� �=� T K � � �E�

� �]° 
 � � � � �UL�� Z ' ÏE�®Ð � �=� T L 1N� � V � ��° 
 ! � � �W�\f9� � f !�� ����� � % � f ! � ������� � ( � % � f � �
{^d±o	� � 6'ÏkÏ � ��
 �ÓÐj�If V f V § �Î�4dxo ` d��Em}e­�4d s�t ° ¨E� j � o?j�e/lL~}d���q lL� l s � � o s l s q¨ d `�� �±� d f � tP� �}�$° skt e+� t ~}d .�o t � t ~}d0* �}t �/o ` d�o � e(d � ��o®d s³¨ lL�NÏ � ��
��8« ��t's o ` d�j?l ½ dt °�j `}tPs o®�]d%j?j � o ` d$| t j � o � t � t ° f lLo4� � � � j t e � oko®dp~V« _a` d%��o ` d$° t �©� t ¢ � �}���P� t ��l6�
d ¥ m�lLo � t � `}t �¡~}j�O

f� � � Z .¯Ï�!�
]Ð ^ Z .ãÏ8�SÐ � � � � � f ^ f� 

�
� ( �

��
��( �

8�
6 ( �

< 6). � � � � 6'Ï?Ï
! � � �A�"! � �ÓÐ � � � �!� t ���¾Ï�!�
}Ðj�
Ï8�]« �SÐÜ `}t�t j?d�� 6 ��l s � � o s l sk� �©q,j?e�lL�©�T« ��s?t e�o ` d(d s � t ~ � � s d%�}d±¢al6�Îo ` d t's d%e � o t �'d±o ` d s

¢ � o ` lP~}~ � o �©¨ d$| s?t |�d s o � d%j t °�o ` d�� � 6 � j�lP�]~ ÏT�]« �SÐ � o ` d s d$d±n � jko?j
�
Ï8~}dp|4dp�}~ � �}� t �

�ÌÐ � � ÏT��« �SÐ � j?m}� ` o ` l6o
f� � � Z .ãÏ�!�
]Ð ^ Z .¯Ï8�SÐ � � � �KV\f ^ § 8�

6 ( �
< 6).?C 6
� Q ,/. "�� � f ^

§
� Q "�� � �=�2l]« j t ���¾Ï
!�
�Ð �

Ï8�]« � Ð_a` d¦jkm}|4d s e�l s o � �}��lL�¡d�� t �}jko s m}�±o®d%~ � � Ï8�]« � Ð�¢ � �¡� s d%lP� ` �ûÏÍj?d%d¦dP« �}« � � �ÓÐ�l6°Êo®d s lP�� ��o®dp� s lL�]� d­o � e�dÒlP�}~ s d%e�l � �}j�lLo���¢ � o ` l¦| t j � o �©¨ dÒ| skt ��lP� � � � o¯qP«�v t's d t�¨ d s ¢ ` d%�
l ¥ m}dpm}d � j?lIq
� �S� jKdpe�|�o¯q �]t �}d²�%lP��l6�¡¢KlIq�j!° t's �pd�l6�¡���Il s j�o t � t o t � t ~}d � � ��dp° t's d
o ` d��]d±nSo2l s?s³�¡¨ lL�VlLo � t �%�%m s j�ONo `]� jÎo¼l ½ d%j2l�Ï s d%j � ~}m}lL�ÍÐ!o � e(d�� ¢ `]� � `V� ��q,Ï8�]« �EÐ ��� j
m}� � ° t's e¸�©q � ��o®dp� s lL�]� d!¢ � o `$s d%j?|�d%�±o.o t o ` dÎ| t j � o � t �]j t °]�Il s j�lLo^o � e(d !�
 � �$d ¥ m�lLo �¡t �
ÏT�]« � Ð¼«�²d%�]�%d � �K� V ��
_"��Ò« _a` d%��� d±o?o � �}�

�ÒÏ
� �¼Ð � � �]° 
 � � �2� �K�G� Z ' Ï �®Ð26 �=� T L#1N� � �
t �}d��IlP�Ýj � e(|]�©q�� `}t�t j?d

� Y ^ � � �
��� " �� � ° �ÒÏ
� �®Ð26 � �
�$Ï��K�¼Ð " ��d" �� t o ` d s ¢ � jkd��

�?��ýDl 9�4�5� 



f �

¢ ` d s d � � j¸l º n�d%~G� t �}jko®lP��o¸lP�}~ �� � ���l s d s d%jk|4dp�po �©¨ d±�¡q t �]o¼l � �}dp~ � �<o ` d/j®lPe(d
¢alIqxlPj��2��� lL� t�¨ dL« _a` d � ��o skt ~]m}�po � t � t ° � � j u m}jko � ���%lPj?d�o ` dÒjkd%� t �}~,e t e(d%��ot °-o ` d s dpj � ~}m�lL� � �Eo?d s l s?s³�¡¨ lL�co � e(d�¢ t m]� ~�� t o2dÌn � jko%«
_a`]� j-| s?t �%dp~}m s da�IlP�­�4d s dp|4d%lLo®dp~ �'s dpe�l s?½�� �}��o ` lLo �Lt �}�%dKl²� t�t's ~ � ��lLo®d ` lPj s d%lP� ` d%~
o ` d ¨ lL�¡m}d!� ��� o?j^�}d±nSo�jko sk� �po?�©q�| t j � o �©¨ d ¨ lL�¡m}d!lLo^j t e(d!l sksk�©¨ l6� � �]jko¼lL�Eo^¢ � �¡�E��dNd±n]lP�±o?�©q
f'«_a` m]j²o ` d­dÌn � jko?d%�}�pd t °�l�jkd ¥ m}d%�]�%d 
 � � � � �¿f �E� ¢ � o ` jkm}|� �/Ï�� �%$ � ^ � � Ð �>7 �}� j
d%jko®lP�]� � j ` d%~A«

��������� 	 $S� �}�%d
	 Ï�� � Ð � �	 Ï
� � Ðj�D���\f��

o ` dÒ� t �}�±� m}j � t � t °�|�l s o¸Ï8��Ð � j � e(e(d%~ � lLo?d$° s?t e o ` d t's d%e(j���« �¦lP�}~Y��« � � m}j � �}��o ` d
m}� � ° t's e"� t m}�]~}d%~}�]d%j?j t ° �¦Ï�� �%$ � ^ � � Ð®« _a` d tPs d%e ��« � � j2� t e(|]�¡dpo®d±�¡q�| skt�¨ d%~A«
� ��o ` d��}d±nSo2o¯¢ t o ` d t's dpe�j � |�lLo ` ¢ � j?d­� t e(|�l s³� j t �}j²l s d��}dpd%~}dp~���dpo¯¢Îd%d%� o ` d�| skt »
�%d%jkj �	 �'� ��o s?t ~}m}�pd%~ � �Òo ` d t's dpe �]« � � lP�}~ � o®j s d%j³o sk� �po � t �(o t l�| t �¡� � �]��jkqSjko?d%e ¢ ` d s dt �]�©qÝl¸j?m}�}jkdpo t °�o ` d�� t ~}d%j � j ¨E� j � o®dp~V«
$ dpo�� �	� 
� 
 * �j��������� * 6 �E� ° tPs lL�©��.E» o?m}|]�¡d t ° � ��o?d%�'d s jÒf V * � � ����� � * 6 ����� V ¤µ� lP�}~
� d±o �:��x~]d%� t o?d­o ` d­o s lP�}j � o � t �xe�lLo s³� n t °-o ` d s dpjko s³� �±o �¡t �xo t � t °�l/vxl s?½Lt�¨ � ` l � �
¢ � o ` j³o¼lLo?d(j?|�lP�pd �¿lP�}~,o s lP�}j � o �¡t �Ye�lLo s³� nk:/« � �Eo s?t ~}m}� � �}�Ýo ` d(o¯¢ t�¨ dp�po tPs j
�C��
lP�}~ �, � � ¢ � o ` � t e(| t �}d%��o?j

�C �' � C '
& . @ � C . � �, �' � , '

& . @ � ,/. � T LM1��4� Ï8�]« �SÐ

� o � jK¢Îdp�©� ½ � t ¢�� Ï8j?dpd�dP« �}« � � �ÍÐ�o ` lLoÎo ` d � � ¨ l sk� lP��o¾e(dIlPjkm s d t ° �:�� � j � �}~}dpd%~�� �¡¨ d%�
�Eq �C � « _a` d�d±n]lP�±o²° tPs e t ° �: � �IlP����d�° t m}�}~ � � � � �^�}m]o � j2� t o��}d%dp~}d%~�o ` d s dL«
_�t l ¨PtP� ~ûm}� � ��o®d s d%j³o � �}��o®dp� ` � � �IlL� � o � d%j � ¢Îd(o¼l ½ d b .¯Ï8�SÐ � �=� T *+1 ��«�{cdpo Q � �
lP�}~Ý� t �]j � ~}d s o ` d�| skt �pd%jkj �	 � t � � �$	� � � � t �}j³o s m]�po®dp~�lPj¾° t �©� t ¢�j�O

P � o�� t's?s d%jk| t �]~}j2o t l��}d±¢ | t �©� � �}��jkqSjko?d%e"¢ � o ` ª%d skt o s lP�]jk°Ód s o � e(d%j�`
P � o?j¾j®lPe(|]�¡d�|�lLo ` j²l s d t �]o®l � �}d%~���qÝlPj?jkm}e � �]�/o ` d�j?d s³¨ d s �}d ¨ d s j³o t |}j2lLo¾o ` d
� t ~}d%j � � � lL�}~ûo ` lLo­o ` d/l s?s³�¡¨ lL�ÎlP�}~ s?t m�o � �}�x| skt �pd%jkj?d%jÒl s d(o ` d/j®lPe(d¦lPj
° t's 	 «

!*)?�,!$#



fB�

_a` d%� � ¢ s³� o � �}� �Z �6 ÏE��Ð�° t's o ` d¸�Em}e$��d s�t °Î�%m]jko t e�d s j�lLo�o ` d ��»To ` l sksk�©¨ l6� � �]jko¼lL�Eo �
¢al � o � �}�/lLo�� t ~}d<. � T . 1 �4� � �Ýo ` d�j³q�j³o®dpe �	 � � ¢Kd ` l ¨ d

�Z �. ÏE��ÐhV Z . Ï!�^Ðj� T *21��4� T ��� �=�
,.- ÕSÙ � Õ � E�/ � �^Ç±Á���� � 
 Ï b �A��������� b

8
Ð]1 � 8$ ` b . � �=� T *01 � �  ��
�6Â(ÃPÄ I�ÃPÂ �%Æ I

Á8ÂkÃPÂAI �  ÎÃPÄ J Ã6Å¼Å±È H¦Ç\, � C � ��� Ç±Ä
¶��pÏ Z �pÏE��Ð ��������� Z

8
Ï!�^Ð?Ð21����M��° t'sa� � º � � o®d±�¡qÝe�lP��q �
	 � �=� T�� � � � � �

1 Ä �6Á � Ç±Â2� �6Â J ÅJ �Á � Ç � �6ÈSÄ J ÃPÂÌÆTÇ¼Å � �$Ë � J Æ H¦Ç±Ä]Å±Æ �6ÄN� � ÃPÂ¼Ç�ÁÍÂkÃPÄ]Å±ÆTÇ±Ä�Á4�
: � ÙVÙ�� z�j/lL� s dIlL~]q s d%e�l sk½ dp~ �a� o/j?m �/�pd%j�o t | s?t�¨ d�o ` d�jko®lLo®dpe�dp��o¦° t's Q � � �
j � �}�%d�o ` d­�IlPjkd Q 3� �(° t �¡� t ¢�j���q�~ �¡s d%�±o�j?lPe(|]� d­|�lLo ` � t e�|}l sk� j t �A« Ü t �}j � ~}d s �	 � �
¢ � o ` � � 
 * �A��������� * 6 � « �²d s d �, � � �C�� Ï8jkd%d/ÏT�]« �SÐkÐÎlP�}~Ýo ` d t's dpe ��« � � e(|]� � dpj

¶/Ï �Z �. � Ï!��Ð � ����� � �Z �. � ÏE��Ð � �EÐ � � �
� � � �' �

° t's j t e(d�� t �}jko®lP��o � �V« $S� �}�pd � � � � � �]� o�° t �©� t ¢�j¾o ` l6o
�
� ��� ¶�Ï Z . � ÏE��Ð � ����� � Z . � ÏE��Ð � �SÐ��;7

lP�}~�o ` d�| skt�t ° � j�� t �}�±� m]~}d%~ �EqÝm]j � �}��o ` d � t's dp�è» Ü lP��o®d±�¡� � � dpe(e/l�«
_a` d��}dÌn�oÎo ` d t's dpe+~]dIlL�¡jK¢ � o ` o ` d�� t e(|]� d±o®d��±� lLj?j �©º �%lLo �¡t ��¢ ` d%� , 3� C �E� �/¢ `]� � `
�IlPjkda¢Kd � ��o s?t ~}m}�pd2l��Sm]e$��d sk� �}� t °Ño ` d¾� t ~}dpj � lP�p� t's ~ � �}��o t o ` da° t �¡� t ¢ � �]� � �}d ¥ m�l6»
� � o � d%j�O , �

CF� ��
�
�
5� , � � �C � � � �
, �
C � V 
�
�
 V ,

8C
8

� Ï8�]« �SÐ
Û t o?d�o ` lLo � j � �}�%d 	 V ¤ � ÏT�]« �SÐ!d±n��±� m}~]d%j4, � CN«
,.- ÕSÙ � Õ � E�/�� 9�Å¼Å±ÈaH¦Ç ��� ��� � � �6É J Å$�
ÏTlSÐ����6Â�ÃPÄ I_*D� 	4 c� � e �BADC Z .¯ÏE��Ð � 7 l�« jp«

Ï8�4Ð 9�Å¼Å±È H¦Ç 	 � ��ÃPÄ J ��ÈSÁ  � �
� Q , �
CF� � ��� Ç±Ä  

�?��ýDl 9�4�5� 



f��

ÏÍ�VfLÐ �
�6Â  � � §  �Ä�� J Ç�f�Æ Å¸Ç±Â � � J ÆTË �
ÏÍ�Ñ�EÐ �
�6Â  � 6 §  �Ä�� J Ç�f�Æ Å�ÁÍÂkÃPÄ]Å±ÆTÇ±Ä�Á4�

ÏÍ�6Ð 9�Å¼Å±È H¦Ç 	]� �1� ��� Ç±Ä Á � Ç�Å�Ç±Á � ��Ä�� J Ç¼Å � ),+ -� 
 f9���������
	 ^ f � �±Ç � Ã 0PÇ¼Å¦Ã6Å�Ã
���6ÉÊÉ ÆÊÄ���ÅGIBÅ±Á¯ÇGH  �NÆÊÁ � �]ÃPÂkÃ9H¦Ç±Á¯Ç±Â¼Å7, �  =C � ÃPÄ J : �  �� � ÆTË � � Ã 0PÇ:�±Ç¼Ç±Ä:�
�6ÂAH�ÃPÉÊÉ I
J Ç,%�ÄAÇ J ÆÊÄ,Á � Ç ��Â®Ç?Ã9H �%É Ç<�±Ç,�
�6Â®Ç�Á � Ç �6Â®ÇGH � ��� �!e$m]o®lLo � j²e­m]o¼lL�}~ � jB�
��� Æ ÅaÁ � Ç �6Â®ÇGH Ë±É©ÃPÆ H$ÅJ cÃ9H��6Ä�� �6Á � Ç±Â¾Á � ÆÊÄ��LÅJ VÁ � ÃPÁcÁ � Ç �6ÂÌÆ �'ÆÊÄ�ÃPÉ ���6ÉÊÉ ÆÊÄ���ÅGI�Å±ÁãÇGH
� Ã6Å­ÃPÁhH���Å±Á �6ÄAÇÒÇ±Â � � J ÆTË�Ä�� J Ç � � Ç±Ä�, 3� C �

: � ÙVÙ��
Ï8lSÐ Ü `}tSt j � �}�$l�� t ~}d\*c¢ � o ` *D� 	 � ¢Kd2� t �}j � ~}d s o ` d2j³qSjko®dpe �	 ��� tPs?s dpj?| t �}~ � �}�

o t � � 
 f�� * � « �2d s d �, � 3� �C��GlP�]~ � e t's d�| s d%� � jkdp�©q � �, �. 6 & 'j@ � �, �' �< �' . « " j � �}�
� t ¢ o ` d t's d%e£�S«¡f ��� o¸° t �¡� t ¢�jÒo ` l6o �Z �. � j¸o s lL�}j � d%��o/lP�}~Gj t,� j Z . � j � �}�pd �Z �. ÏE��ÐMV
Z .¯ÏE��Ð � T ���\f'«

ÏÍ�4Ð � o¾° t �©� t ¢�j�° s?t e+|�l s o�Ï8lSÐ�o ` lLo
� � e�BADC Z .¯Ï!��Ð � 7�� T *D� �a�!l=� j��

�²d%�]�%d � o ` d�o s l �/� � ��o®d%�]j � o¯q�lLo2� t ~]d¸f � j�d±n]lP�pok�¡q
 � �

� Q , �
CF�

lP�}~�o ` d s d%j?m��¡o2° t �©� t ¢�j�dIlPj � �©q'«
ÏÍ�6Ð " j � �]�¦lP�'l � �Ý|�l s o­ÏTlSÐ �

� � e� ADC Z .¯Ï!�^Ð � 7�� T *h� 	i�Îl=� j��
$�t}� ° t's � j?m���� � d%��ok�¡q<� l s �'d � o ` d��Il s j$¢ � �¡�¾� t o¸jko t |GlP��qSe t's dÝlLo$o ` d�� t ~}dpj¸�4dÌ»
� t �]� � �]�/o t ��« � �x°ÍlP�po �Ñt e � oko � �}�/o ` d­~]dpo¼l � �¡j �4t �}d�j?d%dpj²o ` lLo2o ` d t'sk� � � ��lL�^�}d±o¯¢ t'sk½
~}d%� t e(| t jkd%j � ��o t o¯¢ t jkm}�}j³q�j³o®dpe�j�O

P l¸jkqSjko?d%e t ° ¤ ^ 	 " f�o s lP�}j � dp�Eo2� t ~}dpj%«
P l¸| t �©� � �}�(j³q�j³o®dpe 	 � t ° 	 ^ f�� t ~}d%jp«

_a` d�| s?tSt ° t °-o ` d�o ` d t's dpe � j²� t �}�p�¡m}~}dp~V«

!*)?�,!$#



f �

� � 	�� � � �2#$��	���
 #Ò��� ��	�� 	%� �I#²� �

¬ ` d%� , � C ��� o ` lPj­�4dpd%�<j `}t ¢��GlP� t�¨ d/o ` lLo$d%lP� ` � t ~}d � j­�Sm��¡�è» s d%�%m s?s dp��o�lP�}~
o ` d�jkqSjko?d%e � j2d � o ` d s �Em]�©� s dp�%m sks d%��o tPs o s lP�]j � d%��oI« � � o `]� j²jkd%�po � t � � � � e � o²� lI¢�j�l s dt �]o¼l � �}dp~�° tPs o ` d uãtP� ��oÎ~ � j³o sk� �}m]o � t � t °�o ` d�| t j � o �¡t � t °Ao ` d�j?d sk¨ d s lL�}~�o ` d��Em}e$��d s� �Ýo ` d ¥ m}dpm}d%jp«
�xÙ ���]� �ÓÙ�� �2d s d ¨ d%�±o t's jÒ¢ � �©� t °Êo?d%� ��d¦¢ sk� o?o?d%�<¢ � o ` l sks?t ¢�j�Ï8dL« �]« 
b � 
Z ÏE��Ð � 
. �
dpo®�L«èÐ®« $ dpoko � �}�

. ^5 ¤ �	��
� Ï . ¤ . �j��������� . ¤ .
8
Ðj� T *D1N�0�

o ` d ¥ m}lP��o � o � d%j � ^5 � Ï���` *ãÐj� �_�\f��/¢ � �¡�.jko¼lL�}~x° t's l¦j?d ¥ m}d%�}�pd t ° ¨ dp�po t's j�¢ `�� � `V� ° t's
dIlP� `<º n�dp~R* � l s d � « � « ~V« ��� �}~}dp|4dp�}~}dp�Eo t °¾o ` d¦l s?s³�¡¨ lL�Î| s?t �%dpj?j¸lL�}~<~ � jko sk� �}m]o®dp~·lPj
. ^5 ¤ «�{cdpo

. ^5 � ' �	� 
� ÏE. � ' �j��������� . � ' 8
Ð � T *h1N�0�

¢ ` d s d+. � ' 6 �Ñ� � o ` d$vxl sk½Pt�¨ � ` l � � ¢ � o ` e�lLo s³� n-: �Ñ� j²o ` d��Sm]e$��d s�t ° ¨S� j � o®j²o t . �
jko¼l s o � �}�¸° s?t e L � ¢ � o `}t m]o `]� o?o � �]�#*k« � � lP~}~ � o � t � � ~}d º �]d

^5 � Ï!�7` *³Ð �	� 
�
�
�
� ( �

��
� f ! ����� ��� % ^5 � Ï���` *³Ð ^ 8�

')( �
� f ! � � � ��� % 
$ ' �
 � T *h1N�0�

¢ ` d s d 
$ ' � j¾o ` d LP» o ` m}� � o ¨ d%�±o t's2t °�� 8 lP�}~ � ��qÝ� t � ¨ d%��o � t � � . ¤ . . � f9� T *D1N��«
{^d±o?o � �}� � ^5 � Ï!�7` *³Ð �	� 
� ^5 � Ï!� " f9` *³Ð ^ ^5 � ÏE� ` *ãÐ �}� o¾° t �©� t ¢�j�Ï8j � �}�pd+, � C.Ð�o ` lLo

� � � ^5 � Ï!�7` *³Ð � � 
�=� T *h1N�4�
� �Eo s?t ~}m}�pd­l6� j t o ` d�° t �¡� t ¢ � �]�/� tB¨ l s³� lL�}�%d�e�lLo s³� �pd%j � ¢ `�� � ` ~ t � t o�~}d%|�d%�]~ t � � O

� . �	� 
� � �¦Ï � � ' Ï!� `�*³Ð � � 66Ï!�7` *³ÐkÐ 	 ' > 6 @�B � T *D1N�0�

� �$o ` dKj?d ¥ m}d±� ^5� Ï � .ÍÐV¢ � �¡� s dp| s dpj?d%��oÎl s lP�}~ t e ¨ d%�po t's.� ��� 8 � � t's e/l6�¡�©q$~ � j³o � �}m]o®dp~ ��%d%��o?d s dp~,lLo�o ` d tPsk� � � � ��` l ¨S� �}� � o?j0*Ó» o ` � tSt's ~ � �}lLo®d � ~}d%��o � �Il6�¡�©q �/lP�]~ � ..lPj�� t�¨ l6»sk� lP�}�%d�e�lLo sk� n4« " j � �}�(o ` d�j³q�e­� t � j	��Ï�
'Ð
�Ò° tPs � t � ¨'t � m]o � t � � ¢Kd�l s d � ��l¸| t j � o �¡t �
o t jko®lLo®d�o ` d�e�l � �Ýo ` d t's dpe�«
,.- ÕSÙ � Õ � � /,�21 �S, � C� Q � �  
b ÏT�SÐ � 
b � 
Z ÏT�SÐ � 
�a� T L#13�  �Á � Ç±Ä

�?��ýDl 9�4�5� 



f��

� � e�BADC ¶�Ï � *�3� L�� 
 *��iL � � f � Ð � �=� Ï � «©fLÐ

¶�� f �+� 
 * � ` 
Z Ï!��Ð� � V 
.�� � ¶
��

� V

^5 � ÏE� ` *ãÐ
� � V 
.+" �

' �( . . 

� ��� ��� �'
� � �
 �IÏ � « �EÐ

� � e� A C ¶ � f �+� 
 * � ` 
Z Ï!��Ð
� � V 
. � � ¶ � ^5� Ï � .8Ð21 � 
�=� 
.&� 	 � Ï � « �SÐ

T 
. 1�� 8$ � T *)�iLM1N�0�
: � ÙVÙ�� w ¥ m}lLo �¡t �\Ï � «¡f6Ð � j/lµjko®l � � ` o?° t's ¢al s ~:� t �}j?d ¥ m}d%�}�pd t °�o ` d tPs d%e ��« � lP�}~
o ` d$� � e � o�� lI¢ � �GÏ � « �SÐ � j t �]o¼l � �}dp~,�Eq��¡dpo?o � �]� � 5 7 � �GÏ � « �EÐ¼« � o � j�lL�¡j t ¢ t's o `
� t o � �}�(o ` d�� `}tL� �pd 
. � ^57 � �<Ï � « �EÐ � ¢ `]� � ` � �©¨ dpj²o ` d�o � e(dÌ»¯~}dp|4dp�}~}d%��o�| s?t ��lL� � � � o¯qt ° ` l ¨E� �}�(l6oa� d%lPjko t �}d ¨ d `]� �p�¡d�lLo¾l$� �¡¨ d%�Ý� t ~}dP« _a` m}ja¢Îd�l s d²� d±°ÊoK¢ � o ` o ` d�| s?tSt °t °aÏ � « �EÐ¼«
_a` d$l s �'m}e(dp�Eo2¢ � �¡� º�s jko2�4d�~}d ¨ dp� t |�d%~x° tPs2§ � f­lP�}~ s d±� � d%j t �xl(� t m}��o � �}��Ï8lP�}~� �(j t e�d�jkd%�}jkd²� t e$� � ��lLo t'sk� lL�ÓÐ.l s �'m]e�dp��o � ¢ ` d s d¾o ` d¾o � e(d�~ t dpj�� t o�|]� lIq(lP��q s?t � dL«Ü t �}j � ~}d s o ` d�jkqSjko?d%e lLo�o ` dW�Ñ» o ` l s?sk�©¨ lL� � �}jko®lP��o�lL�}~Ý� t �}~ � o � t � � o®j�jko®lLo®d t �


	VÏE��Ð � 

 � ��
� Ï�
��G��
 Y ����������
 8 Ðj�
¢ ` d s d 
	4Ï!��Ð � j�o ` d ¨ d%�±o t's�t °!o ` d¸�Sm]e$��d s�t °Îl s?s³�¡¨ lL�¡j�lLo�d%lP� `Y¥ m]d%m}d ��� ��o s?t ~}m}�pd%~� � jkd%�±o �¡t � ��« {cdpo � ÏE�A` �^ÐÒ~}dp� t o?dxo ` d | t j � o �¡t � t °�o ` dxjkd s³¨ d s lL°Êo®d s �(d	�4d%�±o �©¨ d¨S� j � o®j�Ï t's j?d sk¨E� �pd%jÌÐ�m}|Yo t o � e(d;�.« Ü � d%l s �©q � �_V �GlL�}~,o ` d¸d ¨'t �¡m]o �¡t � t ° � ÏE�A` �^Ð� j2vxl s?½Pt�¨E� lP� � ¢ � o ` o s lP�]j � o �¡t �Ýe/l6o sk� n :�« _a` m}j t �}d��IlP�Ý¢ sk� o®d � ° t's j t e(d º n]dp~-* �
¢ � o ` o ` d�� t o¼l6o �¡t � c ÏE��Ð � �}jko?dIlP~ t ° f � j � �}�pd § � f �

¶/Ï c ÏE��Ð � * � 
	AÏ!�^Ðj` c ÏT�EÐ � *³Ð � ¶ � . ¤ �
� ��� � � � �' V
	 ' Ï!��Ð � T L 3� * � 
	VÏE��Ð ` c ÏT�SÐ � * 	 �
¢ `]� � `�� �Ýo®m s ��q � d±� ~}j

¶�Ï c Ï!�^Ð � * � c ÏT�SÐ � *ãÐ � ¶
�� ^5 � Ï!�7` *³Ð

� � � 
� �
 �

!*)?�,!$#



f��

$S� e � � l s �©q �}s d%e�l s?½�� �}�Òo ` lLoKo ` d�d ¨ d%��o 
 
Z Ï!��Ð � 
. � �IlP� t �%�pm sat �]�©q � ° � Ï �A` ��Ð�o¼l ½ d%j
o ` d ¨ lL�¡m}de*NdÌn]lP�pok�¡q 
j.co � e(dpj�lP�}~�o ` d ¨ lL� m]dSL�dÌn]lP�pok�¡q 
 ' ^ . ' o � e(d%j � ° t's lL�¡� L 3� * �
¢Kd��'d±o

¶ � c ÏE��Ð � *)` 
Z ÏE��Ð� � V 
. � c Ï8�SÐ � * 	 � ¶
��

�;V

^5 � ÏE� ` *ãÐ
� � V 
. �
 �

lP�}~�o ` d s d%j?m��¡o2° t �©� t ¢�j¾° s?t e+o ` d��%dp��o s l6�c� � e � o�o ` d t's d%eÝ«
_a` d²dÌnSo®d%�]j �¡t �¦o t$§ 6 f � j!� t o!~ � ���%m]�©o � � t o � �}��j � e(|]�©q�o ` lLo�¢ ` dp��lL�©�Ñ�Il s jKl s d2lLo
j t e(d�� t ~}d0* � o ` d²| s?t �%dp~}m s d2° t'sK§ � f��IlL���4d s dp| s?t ~}m}�pd%~V«!��dpo®l � � jKl s d t e � oko®dp~V«

_a` d$� lPjko�o ` d tPs d%e � �©¨ d%� ` d s d%lL°Êo®d s ~ t d%j � �,j t e(dÒjkd%�}jkd u m}jko � °Êq � �4d±q t �]~ � o®j²o ` d t »s dpo � �%lL� � �Eo?d s d%jko � o ` d�~}d±o¼l � � dp~�lP�}lL�¡qSj � j�e�lP~}d�° t's o ` d�j³qSjko®dpe �	 � �Ý¢ `]� � ` Q � �]«
,.- ÕSÙ � Õ � � / ? � � Ç±Ä , � C ÃPÄ J � Q � §  �Á � Ç J Æ Å±Á8ÂÌÆ��%ÈSÁ8Æ �6Ä � � 	 ÏE�®Ð� aÃ6Å\� 5 7; 
Å%ÃPÁ8Æ Å,%aÇ¼Å

� � e� ADC ¶
�� 
	 ÏE�®Ð
� � V 
. �
 � 8�

. ( �
¶ � ^5� Ï � .TÐh1 � 
�=� � ��� Y 
.7� 	S� T 
. 1 � 8$ � Ï � « � Ð

��� ÇÝÂ®ÇGH�ÃPÂ!�PÃ��%É ÇL�pÃSË±Á­Æ Å�Á � ÃPÁ� ¸Ã#�ÌÁãÇ±Â Ã Å�Ë?ÃPÉ ÆÊÄ��ûÆÊÄ:f � � �! $ÄAÇ±ÆÊÁ � Ç±Â�ÁÍÂkÃPÄ]Å,�IÇ±ÂÝÁ8Æ H¦Ç¼Å
Ä��6Â,Á � Ç Ä�È H �±Ç±Â � � 0PÇ � ÆTË±ÈSÉ Ç¼Å J �ÀÃ �#��Ç?ÃPÂ,ÆÊÄ Á � Ç Ç#" ��É ÆTË±ÆÊÁ:�
�6ÂGH � �,Á � Ç É Æ H¸ÆÊÁÍÆÊÄ��
J Æ Å±Á8ÂÌÆ��%ÈSÁ8Æ �6Ä�� ��� Æ Å�Æ Å�ÆÊÄ J Ç¼Ç J Ã�| ` lPj?d2o s lL�}j � o �¡t ��| ` d%� t e(dp� t �&���D�$0�Æ �6È�Å±É I3 -Á � Æ Å�Æ Å
Ä��6ÁÎÁ � Ç¸Ë?Ã6Å�Ç­Ã6Å �pÃPÂ­Ã6Å�Å ��Ç¼Ç J � �$Ë �6Ä10PÇ±Â ��Ç±ÄAË¼Ç�Æ Å¸Ë �6ÄAË¼Ç±Â±ÄAÇ J �
: � ÙVÙ�� {cdpo 	AÏ � ��
IÐ � & 8. ( � 	%.¯Ï�
%Ð ^ 	%.¯Ï � Ð���d�o ` d�o t o¼l6���Em}e$��d sÝt °��%m]jko t e�d s j
l s?s³�¡¨ d%~ � �Ýo ` d�o � e(d � ��o?d sk¨ lL�ÎÏ � ��
IÐ®« r lLo ` ¢ � jkd � ¢Kd ` l ¨ d

�	 Ï �®Ð2V 	 Ï �®Ð V �	 ÏE�®Ð " 	AÏE� ^ � � � � � Ðj� Ï � « �EÐ
¢ ` d s d 
 � � ���k�\f �­� j�o ` d�j?d ¥ m}d%�}�pd � ��o s?t ~}m}�pd%~ � ��o ` d t's d%e �]« �(lP�}~	³Ï �®Ð � � ��° 
 � � � � V � � � ��$ � � �
�Km]oÒo ` d�� t �]jko s m}�po �¡¨ dÝ| s?t �%dp~}m s d t °2o `]� j¸j?d ¥ m}dp�}�%d�j `]t ¢�j¸o ` lLoÒo ` d s lL�}~ t e ¨ lB»sk� lP�]�¡d%j � �%$ � ^ � � � ���\f��IlP�Ý��d�� t m]�}~}d%~���q¦o ` d � �}� s dpe�dp��o®j t °-l s d%�}d±¢al6�^| tP� ��o
| s?t �%dpj?j �Ñ` l ¨E� �}�¦l¸| skt |�d s ~ � jko s³� �]m]o �¡t � ° tPsa� o?j2j³o¼lLo � t ��l s q s d%j � ~]m�lL�co � e(d � ¢ ` dp�}�%d

� � e� ADC ¶ � 	AÏE� ^ ��� � � � Ð� � 6 � � � �=� T � � �=�

�?��ýDl 9�4�5� 



�P�

lP�}~�o ` d s dp� lLo �¡t �µÏ � « � Ð�° t �©� t ¢�j�~ �¡s dp�po?�©q'« _a` d�o ` d t's dpe � j2| s?t�¨ dp~V«
	�Õ �û�}��� ��� Ç �pÃSË±Á�Á � ÃPÁ Q J ��Ç¼ÅÝÄ��6Á�Á Ã3��Ç ��É©ÃSË¼Ç�ÆÊÄ � � ��� �ûË?ÃPÄ;�±Ç,Ç#" ��É©ÃPÆÊÄAÇ J ��I
Ë �6È ��É ÆÊÄ��8� ��� Ç�Ä��6Ä1I¯ÆÊÄ��ÎÈÑÇ±ÄAË¼Ç%� � § �
�6ÉÊÉ �3�.Å �ÌÂ ��H Á � Ç �6Â¼ÇGH � ����ÃPÄ J Ç�'%È}ÃPÁÍÆ �6Ä � � ��� ���
Ã6ÅGIUH ��Á �6Á8ÆTË?ÃPÉÊÉ I  �ÃPÉÊÉ¾Ë?ÃPÂ®Å�ÃPÂ®Ç �%É ��Ë!��Ç J ÃPÁ²Å ��H¦Ç�Ä�� J Ç � Ä��6Á�ÃPÉ �!Ã9I�Å�Á � Ç(Å%Ã9H¦Ç � ÃPÄ J
�6Ä�É I �6ÄAÇ¸Ë±È�Å±Á ��H¦Ç±Â$Ë?ÃPÄH�±Ç�Á8ÂkÃPÄ]Å ���6ÂÌÁ¯Ç J  �Ä��;H�ÃPÁ8Á¯Ç±Â�Á � Ç 06ÃPÉ È�Ç � � § H�Ã9I �±Ç$�

� � *Ý�������I����
(��� �����

_a` d�lPm]o `}t's j�l s d�� s lLo®d±°Óm]�Ao t v « r l s d%��o­Ï8| skt � s lPe+~ � s d%�po t'sa� �Ýo ` d r h2z�� � _ w�{^w
| s?tPu dp�po²� t ¢´~}d ¨ dp� t |�d%~YlLo �ãÛ h � z�ÐÎ° t's e�lP��q�° s m � o?°Óm]��~ � j?�pm}j?j � t �]j � ¢ `]� � `,` d±� |�d%~
o t o ` d�~}d º � � o �¡t � t °-o ` d�e t ~}d±��lP��lL�©qSª%d%~ � ��o `]� j�|�lL|4d s «

!*)?�,!$#



��f

� ��&'�������������

� f ��z$« z$« � t'sktB¨S½LtB¨ lL�}~�h�« $ � ` lLj?j?��d s �'d s «]w s � t ~ � � � o¯q t °Vl�| t �©� � �}���}dpo¯¢ t'sk½�� $ o t »
� ` lPjko � � rNs?t �%dpj?j?dpj��¿z�|}|]�8« � �L� � ÏkfI�'� � Ð � |}|V«��'�L�6»³�P�'��«

� � � Ü ` « ��sk� � ½ d s lP�}~/vµ« h�«��'l � � � « $ o®lP� � � � o¯q t °Al�| t �¡� � �]�­e t ~}dp�}¢ � o ` l�vxl sk½Pt�¨E� lP�
j?� ` dpe�d � h2lP|}| t's o�~}d�h2dp� ` d s � ` d �ãÛ h � z ¤ � �'� � � � vxlIqYf��'� � «

� �"���(« � lIq t �©�¡d/lL�}~��Pd%lP��»ãvxl s ��{^lPjk� t m]oko®d%jp«^z $ o¼lLo?d±» ~}d%|�d%�}~]d%��oÒ| t �©� � �}�Ýe t ~}d±�
¢ � o ` vxl sk½Pt�¨E� lL� s?t m]o � �}�}« 1 5 9 � �6É È H¦Ç¼Å(ÆÊÄ 5�ÃPÁ � �
	 ÆÊÁÊÅ 9 �#��É ÆTË?ÃPÁ8Æ �6Ä]Å � � f �
f��'��� � |}|V« �P�'�6»¯�'�]f'«

� � ��{�«��¸«Pz²°ÍlL��lPj?j � d ¨ l � �(« � l�q t �©� d � $ «
�!mA« r-t | t�¨ «Ev t ~}dp�¡j�° t's o s lP�}jk| tPs o¼l6o �¡t �¸�}dpo³»
¢ t'sk½ j � h²lL|}| tPs o�~}d s dp� ` d s � ` d �ãÛ h � z �Ñ¤ � �P�'� � � vxl s � ` f��'�P�]«

� � � � « z­« � � s lP� � e t�¨ lP�}~��!mA« y$«^{ � �}� �¡½ « 1 Ä J Ç ��Ç±Ä J Ç±Ä�Á2ÃPÄ J Å±Á ÃPÁÍÆ �6Ä�ÃPÂAIÝÅ�Ç�'%È�Ç±ÄAË¼Ç¼Å
� ��Â?ÃPÄ J ��H 06ÃPÂ±ÆÍÃ��%É Ç¼Å � ¬ t �¡o?d s j Û t�t's ~ `}t � r m]�]� � j `�� �}� � � s?t � � �'dp�V«

� �"���(« � l�q t �©� d � yÒ« z$«VvxlL�©q�j ` d ¨�� vµ« yÒ«Vv d%�]j `]�¡½Pt�¨ « � � ��ÆTË¼Å­ÆÊÄµÁ � Ç � �6Ä]Å±Á8ÂÌÈ�Ë±Á8Æ 0PÇ
��� Ç �6ÂGI � � 5�ÃPÂ��#�30 � � ÃPÆÊÄ]Å � Ü lPe$� sk� ~}�'d " � �©¨ « r�s d%jkj � f��'���

� � ��¬´« � dp�©�¡d s « 9�Ä 1 Ä�ÁÍÂ � J È�Ë±ÁÍÆ �6Ä/Á ���ÎÂ � �¼Ã��%ÆÊÉ ÆÊÁ!I ��� Ç �6ÂGI�ÃPÄ J 9 �#��É ÆTË?ÃPÁ8Æ �6Ä]Å � $ d%� t �}~
w�~ � o � t �A«

� �"���]«��'lP� t ~ � z$« Û « $�`�� s q�lPd ¨ «��-Æ H¸ÆÊÁ ��� Ç �6Â®ÇGH$Å �
�6Â M Á ��Ë � Ã6Å±ÁÍÆTË��ÎÂ ��Ë¼Ç¼Å¼Å�Ç¼Å ��$ | sk� ��»
�'d s f��'� � «

� �"����l � {^l � Ü ` m}�}�}« 5�ÃPÂ��#�30·Ë � ÃPÆÊÄ]Å=�NÆÊÁ � Å±Á ÃPÁÍÆ �6Ä�ÃPÂAI Á8ÂkÃPÄ]Å±ÆÊÁÍÆ �6Ä ��Â � �¼Ã��%ÆÊÉ ÆÊÁ8ÆTÇ¼Å �
$ | sk� �}�'d s%� �Kd s � � � f��'� � «

�?��ýDl 9�4�5� 



Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY

Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l'Europe, 38330 MONTBONNOT ST MARTIN

Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex

Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)

ISSN 0249-6399


